The role of the near-surface flows.
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Convection theory predicts a high diffusivity —
dynamo models require a low diffusivity.

Radial Dependence of the Turbulent Magnetic Diffusivity
1 0 E T T T T T T T T

10 ¢
'\ \'A-\-\-I-I-\-\-I-I-\.
/!
10° b= -1 1
\' '
[ Y .
L-I-I-\-\\’\-I-\’
108 - i m | P L L L L L L L
055 06 065 07 075 08 085 09 095
r/Rs
m— \LT and ModelS of Christensen—Dalsgaard 1996
= m Dikpati & Gilman 2007
Nandy & Choudhuri 2002
== Guerrero & de Gouveia Dal Pino 2007
Rempel 2006
Jouve & Brun 2007
Figure 1. Different diffusivity profiles used in kinematic dynamo simulations. Munoz-Jaramillo, Nan dy &
The solid black line corresponds to an estimate of turbulent diffusivity obtained ’
by combining mixing-length theory (MLT) and the Solar Model S. The fact that M artens (20 1 1 Ap] 7 2 7 L2 3)

viable solutions can be obtained with such a varied array of profiles has led
to debates regarding which profile is more appropriate. Nevertheless, it is well
known that kinematic dynamo simulations cannot yield viable solutions using
the MLT estimate.
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What we can observe is the butterfly
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Sunspots are a measure of toroidal flux
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What we can observe is the butterfly
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What we measure:
Sunspot Number (t)
Mean |A4](t)
HWHM(t)
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Waldmeier effect - sunspot number
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Abb. 39. Charakteristische Flecken-
kurven nach M. Waldmeier.
Ordinaten: ausgeglichene monatliche
Relativzahlen. Abszissen: Abstande
vom Maximum in Jahren. From Waldmeier 1941



Waldmeier effect
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Abb. 41. Ausgeglichene Fleckenkurven fiir schwache, mittlere
und starke Zvklen; Abszisse = Abstand vom Minimum in Jahren. )
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Waldmeier effect
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Waldmeier effect
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We can plot measured quantities against
one another.

Sunspot Number (t)
Mean |A](t)
HWHM(t)

(t based on years)



HWHM (t)
VS
Sunspot Number (t)
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Different colors represent different cycles
See also cycle-average studies:
Hathawy 2015
Solanki, Wenzler & Schmitt, 2008
Jiang, Cameron, Schmitt & Schissler (2011)



Sunspot Number

Waldmeier effect
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Interprettation

Weak cycle Strong cycle
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Determining the turbulent diffusivity
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Munoz-Jaramillo, Nandy & Martens (2011 ApJ 727 L23)

» Radial Dependence of the Turbulent Magnetic Diffusivity
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Figure 1. Different diffusivity profiles used in kinematic dynamo simulations.
The solid black line corresponds to an estimate of turbulent diffusivity obtained
by combining mixing-length theory (MLT) and the Solar Model S. The fact that
viable solutions can be obtained with such a varied array of profiles has led
to debates regarding which profile is more appropriate. Nevertheless, it is well
known that kinematic dynamo simulations cannot yield viable solutions using
the MLT estimate.



Conclusions: Il

Turbulent diffusivity is 250—600 km?/s where
the toroidal flux is located



Evolution of the Sun’s toroidal flux
1



Munoz-Jaramillo, Nandy & Martens (2011 ApJ 727 L23)

Radial Dependence of the Turbulent Magnetic Diffusivity
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Figure 1. Different diffusivity profiles used in kinematic dynamo simulations.
The solid black line corresponds to an estimate of turbulent diffusivity obtained
by combining mixing-length theory (MLT) and the Solar Model S. The fact that
viable solutions can be obtained with such a varied array of profiles has led
to debates regarding which profile is more appropriate. Nevertheless, it is well
known that kinematic dynamo simulations cannot yield viable solutions using
the MLT estimate.




The butterfly wings maintain a HWHM of 6
degrees for many years (weak cycles)
or the HWHM decreases (strong cycles).
Why don‘t the butterfly wings diffuse
outwards?
Neur,=250 km?/s =53 (°)%/year
=7° (°)*/year

Suggests 1., << 250 km?/s ??
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The average butterfly wings
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The flow required to prevent diffusion
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VX(UXB)=VXnupV XB.

Terms relevant for latitudinal expansion: UgBy ~ UyBy, VXnuwV xB.
)

Advective Source Diffusive

Source is distributed, and is locally substantially smaller than the other two terms (in the Sun).



The flow required to prevent diffusion
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The flow required to counter diffusive expansion
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Observed inflows at the surface,
Flow required to counter diffusive expansion return flow at 50Mm(?)

Meridionol flow residuals (m/s)
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Strong flows near equator to counter diffusion are not present in the observations —
this is why we have strong cross-equator diffusion.



Conclusions: ||

* Inflows into activity belt necessary to maintain
butterfly wings.

* Butterfly diagram is essentially nonlinear.

Radial Dependence of the Turbulent Magnetic Diffusivity
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The inflows are not axisymmetric
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Questions.









